Almost all massive stars have bound stellar companions, existing in binaries or higher-order multiples [1] [2] [3] [4] [5] . While binarity is theorized to be an essential feature of how massive stars form 4 , essentially all information about such properties is derived from observations of already formed stars, whose orbital properties may have evolved since birth. Little is known about binarity during formation stages. Here we report high angular resolution observations of We observed infrared source IRAS07299-1651, thought to be a massive protostar 2 , 1.68 kpc away 8 , with the Atacama Large Millimeter/Submillimeter Array (ALMA) (Methods). At ∼ 10 4 au scales, the low-resolution (0.22 × 0.15 , i.e., 370 au × 260 au) 1.3 mm continuum image exhibits several stream-like structures connecting to the central source ( Figure 1a ). The mass of these structures > 500 au from the continuum peak is 3.8 − 8.0 M (Methods). The high angular resolution (35 mas × 29 mas, i.e., 59 au × 49 au) 1.3 mm continuum observation filters out largescale emission and resolves the central peak into two compact, marginally-resolved sources with apparent separation of 180 au (Figure 1b ). The fluxes of the brighter, western Source A and the fainter, eastern Source B are 51 and 18 mJy, respectively.
1.3 mm continuum and H30α recombination line emission, which reveal a massive protobinary with apparent separation of 180 au at the center of the massive star-forming region IRAS07299-1651. From the line-of-sight velocity difference of 9.5 km s −1 of the two protostars, the binary is estimated to have a minimum total mass of 18 solar masses, consistent with several other metrics, and maximum period of 570 years, assuming a circular orbit. The
H30α line from the primary protostar shows kinematics consistent with rotation along a ring of radius of 12 au. The observations indicate that disk fragmentation at several hundred au may have formed the binary, and much smaller disks are feeding the individual protostars.
We observed infrared source IRAS07299-1651, thought to be a massive protostar 2 , 1.68 kpc H30α hydrogen recombination line (HRL) emission is detected towards both sources, with positions and sizes coinciding closely with the continuum emission ( Figure 1b) . The strong HRL emission suggests that the small-scale 1.3 mm continuum has significant contribution from ionized gas free-free emission, in addition to dust emission (Methods). H30α spectra from the continuum peak positions are shown in Figure 2 . They are well fit (<10% deviation) with Gaussians from which central velocities are determined: 15.5 ± 1.1 km s −1 for A and 25.0 ± 1.6 km s −1 for B (Methods). Source A's spectrum exhibits slight asymmetry, perhaps caused by small portions of optically thick gas, or different internal velocity components. Assuming the H30α central velocities trace the protostar radial velocities (Methods), the velocity difference between the two sources may then be due to binary orbital motion, and can thus constrain the system mass and orbital properties.
First assuming circular (zero eccentricity) orbits, expected to be a good approximation for a binary forming by disk fragmentation, i.e., via accretion of gas on near circular disk orbits 4 , then the minimum source separation is their apparent separation a 0 = 180 ± 11 au, with uncertainty dominated by that of source distance 8 . Combining with the projected velocity difference ∆v = 9.5 ± 1.9 km s −1 , yields a maximum orbital period P 0 = (5.7 ± 1.2) × 10 2 years and minimum total system mass M 0 = 18.4 ± 7.4 M . For an elliptical orbit with eccentricity e, the minimum system mass is M min = M 0 /(1 + e). The minimum mass for a bound system is therefore M 0 /2 = 9.2 ± 3.7 M . For circular orbits, Figure 3 displays allowed distributions of orbital period and system mass, showing how changes in orbital plane inclination and position angle cause the system mass to be > M 0 and the orbital period to be < P 0 . Supplementary Figure 1 shows similar distributions for elliptical orbits. Typical example orbits with e ≤ 0.2 are displayed in Figure   1 (c). Assuming the center of mass radial velocity of the binary is the same as the molecular cloud systemic velocity, we also constrain the binary mass ratio from the determined source radial velocities (Methods). With V sys = 16.5 − 18 km s −1 , the probable range for the binary mass ratio is up to ∼ 0.7 ( Figure 3c ).
We also use the HRL-derived free-free emission to independently estimate protostar masses and thus further constrain binary orbital properties. We estimate free-free components in the close to the protostars, consistent with theoretical models for the above mass estimates 9 . The total system masses from these estimations are also consistent with the minimum mass from orbital constraints.
As Figure 3 shows, for the system mass of ∼ 22.5 M estimated from free-free emission based on ZAMS models, orbital period P is 510 − 570 yr, orbital plane is close to edge-on (inclination between orbital plane and sky plane i > 70 Figures 2 and 3) , indicating ordered motion of ionized gas. To understand such motion around the primary, in each velocity channel with H30α peak emission > 20σ, a 2D Gaussian fit is performed to determine the emission's centroid position (Figure 4 and Methods). Centroid positions show a very organized pattern along a half ellipse with center close to the continuum peak. The northern half of the ellipse is blue-shifted; the southern is red-shifted. The most blue and red-shifted emission is at the ends of the major axis. One way to explain such a pattern is by an inclined rotating ring: we fit centroid positions and intensities with such a model (Methods). The best fit model ( Figure 4 ) has a ring with radius R ring = 7 ± 1 mas,
i.e., 12 au, rotating at velocity V rot = 21 ± 2 km s −1 , corresponding to a central mass of 6 ± 2 M , assuming Keplerian rotation.
This dynamic mass of the primary is consistent with the minimum system mass constrained from orbital motion (assuming similar masses of the binary members). It is somewhat smaller than that estimated from free-free emission (12.5 +6.5 −4.5 M ), so the rotation might be sub-Keplerian.
Such a rotating structure is likely to either be part of the accretion disk that has been ionized 11, 12 or from a slow, rotating ionized disk wind, which have been seen in some other systems 13, 14 . The small-scale dust continuum emissions are found to be optically thick, suggesting structures with high mass surface densities of ∼ 1 × 10 2 g cm −2 around the protostars (Methods), which are likely to be individual circumstellar disks. If the ionized gas ring is confined within an opaque dusty disk that is thick and flared, due to the inclination, the front side of the ionized ring would be blocked by the outer part of such disk. This can naturally explain why only the eastern half of the ring, which is the far side, is seen in H30α emission.
The morphology and kinematics of the large sclae structures appear complex, as illustrated by zeroth and first moment maps of CH 3 OH line emission (Supplementary Figure 4a) . We use a model of rotating-infall 1 to explain the kinematic features of one of the main structures (Supplementary Information). This model requires a central mass of 27 ± 6 M , consistent with the minimum system mass derived from orbital motion and also the total protostellar mass estimated from free-free emission. The radius of the centrifugal barrier is estimated to be 840 au, moderately larger than the binary separation, as expected in disk fragmentation models 4 . A circumbinary disk may have formed inside the centrifugal barrier, which feeds one or both members of the binary.
However, it is difficult to separate such disk emission from that of the infalling streams due to projection effects. Also, there is no distinct kinematic signature of a circumbinary disk detected in CH 3 OH emission.
Placing our results in context, so far only very few massive protobinary systems have been identified: IRAS20126+4104 (apparent separation of 850 au) by NIR imaging 16 , G35.20-0.74
(800 au) and NGC7538-IRS1 (430 au) by cm continuum observations 17, 18 , and IRAS17216-3801
(170 au) by NIR interferometry 19 . Only the separation information was used to define these binary systems. Our study is the first, to our knowledge, measurement of dynamical constraints on the orbit of a forming massive binary. In IRAS07299-1651 we are witnessing massive binary formation and accretion on multiple spatial scales, from infalling streams at 1, 000 − 10, 000 au, to formation of a massive binary system on 100 − 1, 000 au scales, and to accretion disks feeding individual stars on 10 au scales.
Overall we consider these results support a scenario of disk fragmentation for massive binary formation 4 . First, large-scale structures are seen that are consistent with infall in the core envelope to a central disk, and the observed separation of the binary is moderately smaller than the inferred centrifugal barrier. Second, the secondary-to-primary mass ratio is about 0.8 based on free-free emission and ZAMS models, or up to about 0.7 based on the center of mass velocity, close to asymptotic values seen in simulations of binary formation via disk fragmentation. This is caused by the secondary growing preferentially from a circumbinary disk, since it is further from the center of mass. Production of near equal mass high-mass stars by turbulent fragmentation, i.e., independent formation events that happen to form near each other in a bound state, is unlikely, given the rarity of massive stars. Third, only very few protostellar sources are detected in the region (Supplementary Information), rather than a rich cluster of forming stars, which is consistent with limited fragmentation in Core Accretion models for massive star formation 20 , perhaps due to magnetic fields, radiative heating or the tidal fields from an already formed central massive star or binary. In this case, fragmentation to produce the binary at its observed scale arises from gravitational instability in a massive disk around the original primary. will be presented in a separate paper).
The data were calibrated and imaged in CASA 24 . Self-calibration was applied to both the continuum and line data by using the continuum data after the normal calibration. The selfcalibration was performed for the data of three configurations separately. The CLEAN algorithm was used to image the data, using robust weighting with the robust parameter of 0. the northeast of the binary system, detected in both low and high resolution data (not shown in Figure 1 ). In the high-resolution data, the source has a peak brightness temperature of 30 K and a resolved size of about 200 au, i.e., much fainter and more extended than the binary sources. No
H30α emission is detected toward this source. Multiplicity in this region is discussed in Supplementary Information.
Estimating the line-of-sight velocities of the protostars. We fit the H30α spectra at the continuum peak positions of the two sources with Gaussian profiles to determine the central velocities. For Source A, we further add some perturbation on the fitted Gaussian profile to simulate the effects of the asymmetry on the determination of central velocity. The perturbation has a form of sine function with a random phase,
where We note that, since the source A spectrum shows stronger red-shifted emission than blueshifted emission, the true source velocity is more likely to be blue-shifted compared to the fitted central velocity. This indicates the velocity difference between Source A and B is more likely to be even higher than estimated. Since we use the velocity difference to derive a minimum mass of the binary system (see main text), the mass constraints are rather robust even considering such possible offset in velocity determination.
Constraining the binary mass ratio from the source radial velocities. Previous single dish observations of molecular lines 27, 28 showed systemic velocities of the surrounding molecular gas are about 16.5 to 17 km s −1 . Gaussian fitting to the spectra of the CH 3 OH 4(2, 2) − 3(1, 2), (e.g., fitting from the overall spectrum of the source), the mass ratio ranges from 0.24 ± 0.14 with a center of mass radial velocity of v CM = 16.5 km s −1 , to 0.50 ± 0.19 with v CM = 18 km s −1 .
Estimating contributions of free-free emission and dust emission to the observed 1.3 mm continuum emission. Toward a massive star-forming region, the observed 1.3 mm continuum emission may contain both free-free emission from ionized gas around the massive protostar and dust emission, e.g., from dense molecular gas components. The same ionized gas also emits Hydrogen recombination lines (HRLs). Therefore, we first use the observed continuum-subtracted intensity of the H30α HRL to estimate the level of free-free continuum emission, and then estimate the level of the dust continuum emission by subtracting the free-free component from the observed 1. 
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where T e is the electron temperature in the ionized gas and ∆v is the line width (FWHM) of the H30α line. The last term is caused by the fact that He + contributes to the free-free emission but not to the HRL, and typically N He + /N (H + ) = 0.08 (ref. 30). Assuming a typical ionized gas temperature of T e = 8000 K (e.g., ref. 10), for Source A, with ∆v = 39 km s −1 (from Gaussian fitting of the spectrum), we obtain T H30α /T ff,1.3mm = 2.6, which converts to a freefree emission contribution of about 77% of the total 1.3 mm continuum, based on the observed line-to-continuum emission ratio of 2. For Source B, with ∆v = 55 km s −1 (from Gaussian fitting of the spectrum), we obtain T H30α /T ff,1.3mm = 1.8, which converts to a free-free emission contribution of about 22% of the total 1.3 mm continuum, based on the observed line-to-continuum emission ratio of about 0.4. These results suggest that, for Source A, with a total continuum flux of 51 mJy, the dust continuum emission and the free-free emission are 12 mJy and 39 mJy, respectively, and for Source B, with a total continuum flux of 18 mJy, the dust continuum and freefree emissions are 14 mJy and 4 mJy, respectively. Panels (a) and (b) of Supplementary Figure 5 show the dependence of the estimated free-free emission on the assumed ionized gas temperature T e . For Source A, the contribution of the free-free emission to the total 1.3 mm continuum ranges from about 50% at T e = 6000 K to 100% at T e = 10000 K, which is thus the upper limit for the ionized gas temperature in this source. For Source B, the free-free contribution ranges from 16%
at T e = 6000 K to 40% at T e = 12000 K. However, as we will show below, such changes of the free-free emission do not affect the mass estimations of the protostars very much.
For optically thin emissions, T H30α = T e τ H30α and T ff,1.3mm = T e τ ff,1.3mm . For Source A, the possible maximum T ff,1.3mm is the measured continuum intensity 1000 K. With the measured T H30α = 2000 K, and assumed T e = 8000 K, the optical depths of the free-free emission and For protostars yet to reach the main-sequence, e.g., due to different accretion histories, the same photo-ionizing rates can correspond to a wider range of protostellar masses. According to protostellar evolution calculations with various accretion histories from different initial and environment conditions for massive star formation 9, 36 , such ionizing photon rates correspond to protostellar mass ranges of 8 − 19 M for Source A, and 7 − 17 M for Source B. We use these ranges as the uncertainties of the mass estimation from the free-free emission. As Panels (c) and (d) of Supplementary Figure 5 show, the estimated ionizing photon rates and the stellar masses only have very weak dependences on the assumed ionized gas temperature T e , which lead to uncertainties much smaller than that brought about by different protostellar evolution histories. If dust grains survive in the ionized region, then the ionizing photon rates and stellar masses derived above are likely to be lower limits, due to absorption of Lyman continuum photons by the dust. However, the total bolometric luminosity of this system 2 ((1 − 4) × 10 4 L ) limits the masses of the two protostars < 20 M according to both ZAMS models 32 and protostellar evolution models 36 . Note that the ratio between the derived ZAMS masses of the two sources is 0.8, higher than that constrained from the source radial velocities and the cloud systemic velocity (< 0.50 ± 0.19). However, considering the large uncertainties in mass determination from the H30α intensities, the possible range of the mass ratio constrained from the H30α intensities has significant overlap with the mass ratio constrained from the center of mass velocity analysis (Figure 3c ). Possible differences between the mass ratio determined by these two methods may be caused by the uncertainties in estimating ionizing photon rates from the H30α emissions, the uncertainties of different ZAMS or protostellar models, and/or possible velocity difference between the center of mass velocity of the binary and the cloud velocity. For a mass ratio of 0.8, the center of mass radial velocity is 19.7 ± 0.9 km s −1 , which is offset from the observed cloud velocity by ∼ 1 km s −1 , which may be possible for star formation from a turbulent clump with about this level of velocity dispersion.
Estimating ambient gas mass from dust continuum emission. The derived dust continuum fluxes can be used to constrain the mass of the surrounding gas of the protostars. For the large scale (10 4 au) dust continuum emission, we can assume the dust is optically thin at 1.3 mm and well-mixed with the gas. The gas mass can then be estimated with the equation
where D = 1680 pc is the distance to the source, F dust,1.3mm is the estimated dust continuum emission flux, and B(T ) is the Planck function. For T dust = 50 − 100 K, which is consistent with the results of dust continuum radiative transfer simulations for massive star formation 37 and observations 38 , and an opacity of κ 1.3mm = 0.00899 cm 2 g −1 with a standard gas-to-dust mass ratio of 100 included (ref. 39) , which is suitable for dense cores in molecular clouds, the mass of this ambient gas is estimated to be 3.8 − 8 M from the measured total flux of 390 mJy (excluding the emission within the central 0.3 radius). This is likely to be a lower-limit due to the spatial filtering of the extended emission in the interferometric observation. Model fitting of the H30α emission centroids. We fit the H30α emission centroids of Source A with a model of a rotating ring, described by seven free parameters: the radius of the rotating ring R ring ; its systemic velocity V sys ; its rotation velocity V rot ; the position of the ring center (x 0 , y 0 ) with respect to the continuum peak; the inclination of the ring with respect to the line of sight θ; and the position angle of the projected major axis of the ring relative to north ψ. In the model, we assume only half of the ring is emitting H30α emission. For each set of the parameters, we convolve the half-ring structure with a Gaussian profile of FWHM of 19 km s −1 (for thermal broadening of ionized gas with T e = 8000 K; see main text) in velocity space and convolve with the resolution beam (35 × 30 ) in position space to build a simulated data cube. We then perform 2D Gaussian fitting to the channel maps of the simulated data cube to obtain the model centroid positions and intensities. The best-fit model was obtained by varying the input parameters within reasonable ranges, and minimizing the value of
where (x model , y model ) and (x centroid , y centroid ) are the positions of the model centroids and observed centroids at each velocity channel, ∆θ centroid is the uncertainty of the determined centroid position, I model and I centroid are the normalized centroid intensities in the model and observation, σ centroid is the normalized observed intensity noise. The summation is over all the possible velocity channels, with N being the total number of the channels. Since we only focus on the geometry and kinematics of the rotating structure and do not attempt to reproduce the line profile, we only include the second part in the χ 2 to constrain the line width rather than the detailed line profile. Therefore, we use weights of w pos = 0.9 and w int = 0.1 in the fitting.
The fitting gives R ring = 7 ± 1 mas, V sys = 14 ± 1 km s −1 , V rot = 21 ± 2 km s to further constrain the radial motion of the ring structure in addition to its rotation.
We emphasize that this model is designed to be exemplary and illustrative, with an idealized setup with minimum number of parameters. The goal of this model is to show that the H30α emission can be explained by rotation of a disk at a radius of about 12 au in Source A. Other parameters estimated from this model fitting are less robust. For example, if the other side of the ring is not completely blocked as we assumed but only extincted to some level, the ring should have a higher inclination angle θ than we currently estimated. In such a case, the central mass would also be higher. In our simple model, we also assumed the H30α emission comes from a thin annulus, however, it is also possible that it could emerge from a broader range of disk radii extending further inward. However, at positions closer to the protostar, we do not detect highervelocity emissions, which makes it impossible to explore the rotation velocity profile with radius to confirm whether it is Keplerian rotation or not 42, 43 . It is possible that the inner region of the disk that would have even higher rotation velocities is also blocked by the outer part of a flared opaque dusty disk.
Estimating the angles between the orbital plane, the plane of the rotational structure around Source A, and the large scale streams. The position angle of the rotational structure around Source A (ψ ring ≈ 20
• with respect to north) is almost perpendicular to the position angle ψ orbit of the binary orbital plane (close to the direction of the line connecting the two sources). Considering the inclinations of the rotational structure around Source A and the orbital plane, the angle between the two planes (i.e., the angle between the angular momentum directions of the orbital motion and the rotation around Source A) is cos α = cos θ ring sin i orbit sin ψ ring sin ψ orbit + cos θ ring sin i orbit cos ψ ring cos ψ orbit + sin θ ring cos i orbit ,
where θ ring = 40 +4 −8 deg is the inclination of the ring structure to the line of sight, i orbit > 50
• is the inclination of the orbital plane with the plane of sky, ψ ring = 19 ± 6 deg is the position angle of the ring structure around Source A, and ψ orbit is the position angle of the orbital plane, which is within 15
• from the direction of the line connecting the two sources, i.e., 101
From these values, we estimate that α > 54
• . If we assume that the binary orbital plane has the same inclination and position angle as the Source A disk (inclination of ∼ 40
• and position angle of ∼ 20 • ), the dynamical mass of the system would be > 45 M with e < 0.9, and > 156 M with e < 0.5. Therefore it indeed requires an unreasonable system mass, which is much larger than those estimated from the HRL intensities, disk model and infall model) for the orbital plane to be aligned with the disk plane of Source A. However, we note that these results can be affected by the simplified and idealized model fitting for the rotational structure around Source A. Thus we do not consider this estimation to be very robust. The observed direction of the large scale structures appears to be similar to that of the rotational structure around Source A. In the mid-IR, this source shows 10 4 au-scale emission elongated in the NW-SE direction 2 , indicating an outflow cavity (shared by the binary) has formed in the direction perpendicular to the large-scale infalling streams. However, no molecular outflows are reported so far from this source to confirm the outflow direction. We construct a model to explain the kinematic features seen in Supplementary Figure 4 (b). In this model, the material is infalling and rotating with angular momentum conserved. For simplicity, the motion of material is assumed to be in a plane viewed with zero inclination with the line of sight. This is supported by the fact that the large-scale structure seen in the 1.3 mm continuum and molecular line emission is missing in the mid-IR 2 , indicating high extinction along this structure, which is natural for a plane of accretion that is close to edge-on. The motion can be described by
Such motion conserves both angular momentum and kinetic energy. Here r 0 is the innermost radius that such infalling gas can reach with angular momentum conserved, where all the kinetic energy turns into rotation (i.e., the centrifugal barrier), and v 0 is the rotational velocity at r 0 . The shape of the structure is assumed to follow the trajectory of such motion, which is a parabola, i.e., r = 2r 0 1 + cos ϕ .
Here the observer is at the direction of ϕ = π/2. The offset and line-of-sight velocity are
where the signs are selected to be consistent with the figure. In the model, r 0 = 0.5 (840 au),
The central mass is connected to the radius and velocity of the centrifugal barrier by It is also consistent with the minimum mass of 18.4 ± 7.4 M derived from the orbital motion for low eccentricity orbits, and the minimum mass of 9.2 ± 3.7 M for all possible bound orbits.
This example model is meant to be illustrative of the possibility that the large-scale stream is infalling with rotation. Note, we do not try to explain all the observed structures, which is difficult considering the clumpy distribution of the material, possible projection effects, and the filtering of large-scale emission in our interferometric observations. Note that in the above model, the systemic velocity (the radial velocity of material at infinite distance) is 15 km s In the model presented above, we consider that all the emission (even those toward the central sources in projection) is associated with infalling envelope structures. However, we cannot rule out the possibility that some of the emission toward the central sources in projection comes from an embedded circumbinary disk. We perform a simple estimation of the mass of any potential circumbinary material that may be present. We first convolve the high-resolution continuum emission of only the two sources with the resolution beam of the low-resolution continuum data, and then subtract the convolved map from the low-resolution continuum data. Since the continuum emission of the two sources in the high-resolution data is dominated by the free-free and dust emission in the immediate vicinities of the two sources, the residual continuum emission should only contain dust emission from surrounding materials. Within a radius of 0.5 (840 au) from Source A, the total flux of the residual continuum emission is 12 mJy. Assuming a dust temperature of 50 − 500 K (as expected from radiative transfer models of massive protostars), the continuum flux of 12 mJy corresponds to a mass of 0.26 − 0.023 M . However, it is hard to confirm that this mass is indeed in a circumbinary disk. It may be belong to the parts of the infalling streams that happen to be close to the source in projection. As the position-velocity diagram shows, there is no distinct kinematic feature toward the position of the protostars to separate the circumbinary disk from the larger streams. We also note that there is no guarantee that disk fragmentation produces a substantial circumbinary ring. A substantial circumbinary disk may or may not exist after the fragmentation according to simulations 3, 4 .
The low-mass protostellar sources in the region. We performed a search for low-mass protostellar sources in the region using the high resolution continuum images. We identify the sources with maximum intensities > 5σ and sizes of regions with intensities > 4σ larger than that of 1 resolution beam. Apart from the binary, we only see three other relatively compact sources within the field of view of < 10 (17,000 au) (Supplementary Figure 5) . Two of these (6 and 9 away from the binary) may be protostars (panels b and c). One other (9 away from the binary) does not have a point-like core, so we do not expect it to be a protostellar source (panel d). The masses of these condensations are 0.022, 0.014, and 0.25 M , respectively, assuming 30 K dust temperature.
In addition to these three sources, there is also some emission to the south of the binary (panel e). However, it appears to be extended and is part of the elongated structure reaching to about 0.5 south of the binary seen in the low-resolution data. Therefore we also do not expect it to be a protostar. Thus our observations are sensitive to the presence of low-mass protostellar sources, 
